angiogenesis; functional genomics FIBROBLAST GROWTH FACTORS have long been thought to stimulate intracellular signaling by binding to high affinity receptors (FGF receptors 1-4) that belong to the classic transmembrane tyrosine kinase family of receptors (19) . More recent studies showed that syndecan-4, a nontyrosine kinase transmembrane protein also functions as an FGF receptor (15, 25) . While studies of the syndecan-4 signaling cascade focused on its activation of PKC␣, other possibilities are now emerging as well (10, 21) . Particularly intriguing is the role played by synectin that has been isolated as a syndecan-4 binding partner (13) .
Synectin is a single PDZ domain containing protein that interacts with a wide variety of plasma membrane and cytoplasmic molecules including, in addition to syndecan-4, G protein regulator of signaling interacting protein, cytoplasmic G␣ interacting protein (regulator of G protein signaling) (11) , semaphorin 4c (27) , Glut-1 glucose transporter (5), neuropilin-1 (6), ␣5 and ␣6 integrins (23) among others.
We previously demonstrated a PDZ-dependent synectinsyndecan-4 interaction (13) , suggesting that synectin may be involved in FGF2 signal transduction since FGF2 signaling in endothelial cells (ECs) requires an intact syndecan-4 PDZ binding domain (15) . Moreover, we recently showed that disruption of synectin gene expression in mice results in significant abnormalities in arterial EC migration, proliferation, and in vivo arterial branching morphogenesis resulting from abnormal cellular activation of Rac1 as well as impaired response to FGF2 signaling (8) . To further study the molecular role of synectin in FGF2 signaling, we used suppression subtraction hybridization (SSH) to analyze immediate early FGF2-dependent gene expression in primary pulmonary ECs derived from synectin ϩ/ϩ or Ϫ/Ϫ mice. Immediate early genes are important mediators of growth factor responsiveness and represent the initial genomic response to growth factor stimulation. Subsequent waves of gene expression downstream of the initial immediate early gene response serve to amplify the initial response and further exaggerate any initial difference in the genomic response between synectin Ϫ/Ϫ and wild-type (WT) cells. Suppression subtraction hybridization is a powerful approach for identifying differences in gene expression between two different mRNA populations (12) . It is a complementary approach to gene expression analysis using microarrays that allows for the identification of differential expression of lowabundance RNAs and identification of RNAs not present on an array (7) . We have combined SSH with differential screening (DS) and DNA microarrays to identify both basal and FGF2-induced differences in gene expression between synectin WT and knockout (KO) ECs.
Using this combination of approaches we have identified differences in gene expression between synectin ϩ/ϩ and Ϫ/Ϫ ECs before and after FGF2 stimulation that provide new insights into synectin function.
MATERIALS AND METHODS

Isolation of murine ECs from lung and cardiac tissue.
Primary ECs from adult mice hearts and lungs were isolated as previously described (1) and stimulated with 50 ng/ml FGF2 (30) . In brief, the hearts and lungs of four mice were harvested, minced finely with scissors, and then digested in 25 ml of collagenase 0.2% (wt/vol) at 37°C for 45 min. The crude cell preparation was pelleted and resuspended in Dulbecco's phosphate-buffered saline. The cell suspension was incubated with platelet endothelial cell adhesion molecule-1-coated beads (IgG Dynal beads from Dynal, Great Neck, NY) at room temperature for 10 min. The bead-bound cells were recovered, washed with DMEM-20% FBS, suspended in 12 ml of complete culture medium (DMEM containing 20% fetal calf serum, 100 g/ml heparin, 100 g/ml endothelial cell growth factor growth supplement), and then plated in a gelatin-coated 75-cm 2 tissue culture flask. SSH and generation of subtracted libraries. SSH was performed with the PCR-Select cDNA Subtraction Kit (Clontech). Starting material consisted of 2 g of poly(A)ϩ RNA from FGF2-treated (1/2, 1, 2 h)-synectin ϩ/ϩ and Ϫ/Ϫ lung ECs. cDNA was synthesized, digested with RsaI, and ligated with two different adapters. Subtracted libraries were generated with adapted synectin ϩ/ϩ cDNA subtracted against synectin Ϫ/Ϫ mRNA and adapted synectin Ϫ/Ϫ cDNA subtracted against synectin Ϫϩ/ϩ mRNA. The first round of hybridization was performed at 68°C for 8 h, and the second round of hybridization was incubated at 68°C for 22 h. After two rounds of subtractive hybridization, two rounds of PCR were performed to amplify differentially expressed cDNA fragments. The PCR products were digested with NotI/EagI, cloned into pBluescript(SK), and transformed into Escherichia coli.
Colony PCR and differential screening. A portion of each SSH library was plated on Luria-Bertani (LB) ampicillin plates with X-GAL, and "white" insert-containing colonies were picked at random for further screening. Individual colonies were picked and gridded onto an LB ampicillin plate, and then the remaining bacteria were used for colony PCR using the M13 forward and reverse primers. PCR conditions were: 95°C/10 min, 40ϫ (94°C/30 s, 64°C/1 min, 72°C/2 min), 72°C/5 min. PCR products were denatured, neutralized, and slot-blotted onto duplicate nitrocellulose filters. Filters were prehybridized overnight at 65°C in 5ϫ SSC, 5ϫ Denhardt solution, 50 mM NaPO 4, 10 mM EDTA, 0.2% SDS, and 100 g/ml sheared sonicated salmon sperm DNA.
32 P-dCTP-labeled doublestranded cDNA probes were prepared from synectin Ϫ/Ϫ and ϩ/ϩ cDNA by random nonamer labeling (Stratagene). Probes were denatured and added to freshly made hybridization buffer, and the filters were hybridized for 40 h. Filters were washed twice at room temperature with 2ϫ SSC/0.2% SDS, twice at 65°C with 0.5ϫ SSC/0.2% SDS, and exposed to X-ray film. After exposure, clones showing differential hybridization to WT or KO cDNA were expanded for further analysis.
Microarray data normalization and processing and statistical analysis. PCR products from the subtraction of KO cDNA against an excess of WT cDNA were labeled with Cy3, while PCR products from the subtraction of WT cDNA against an excess of KO cDNA were labeled with Cy5 using random priming and Exo-Klenow kit (Invitrogen). Equimolar quantities of the labeled probes were combined and hybridized by the Specialized Cooperative Centers Program in Reproductive Research Array Facility (http://depts.washington.edu/ popctrma/index.shtml) to an "in-house" whole genome mouse cDNA array created by combining the 15 k and 7.4 k mouse cDNA libraries generated at the NIA (http://lgsun.grc.nia.nih.gov/cDNA/). Dye swapping was performed on a second cDNA chip to control for labeling bias. The array chips were created using a Genemachines Omnigrid arrayer with a 16 pen print head. The slides were scanned with a Axon GenePix 4000a scanner, and the images were analyzed using Silicon Genetics GeneSpring software. All slides were normalized using a LOWESS function to address intensity-dependent dye biases. The data from the dye flip experiments were merged, and an Excel spreadsheet report was created including the normalized ratio of synectin Ϫ/Ϫ vs. synectin ϩ/ϩ , the treatment average for each spot, the control average for each spot, the t-test P value of each synectin Ϫ/Ϫ vs. synectin ϩ/ϩ spot, and the annotation. Because of both the limited sample size related to this dataset and the increased differential expression associated with SSH enrichment procedures, a conservative significance level of fourfold differential expression, and P Ͻ 0.05 was applied to this dataset. Differentially regulated genes were then classified according to biological process, cellular component, and molecular function with Princeton University Generic GO::TermFinder software (4).
Northern blotting. Synectin
Ϫ/Ϫ and ϩ/ϩ ECs were grown to confluence and then starved overnight in 0.5% FBS. After starvation, cells were stimulated with 50 ng/ml FGF2 for various times, and the cells were rinsed with PBS, then pelleted, flash frozen with liquid nitrogen, and stored at Ϫ80°C until RNA was isolated. Total RNA was isolated by Polytron disruption with the RNeasy kit (Qiagen). For Northern blot analysis, 10 g of RNA from each time point were electrophoresed on a 1.4% formaldehyde-agarose gel and then transferred to nitrocellulose. The nitrocellulose filter was prehybridized overnight at 45°C in 5ϫ SSPE (150 mM sodium chloride, 10 mM sodium phosphate, and 1 mM Na 2 EDTA) pH 7.4, 50% formamide, 5ϫ Denhardt solution, 0.1% SDS, 0.1% NaPiPi, and 0.2 mg/ml boiled sonicated salmon sperm DNA. The filter was then hybridized overnight at 45°C with a 32 P-labeled cDNA probe derived from the gene indicated in freshly prepared hybridization buffer. The filter was washed twice in 2ϫ SSC/0.2% SDS at room temperature and twice in 1ϫ SSC/0.2% SDS at 60°C before autoradiography.
Quantitative PCR validation. For quantitative PCR (qPCR) analysis, total EC RNA was isolated, and first-strand cDNA was synthesized as previously described. PCR amplification was carried out using 20 ng of cDNA per reaction with gene-specific TaqMan-based assays (Applied Biosystems) for the following genes on a GeneAmp 5700 sequence detection system (Applied Biosystems): cyclin G1 (CCNG1, NM_009831.2; Mm00438084_m1), immediate early response 3 gene (IER3, NM_133662.1; Mm00519290_g1), Ras and Rab interactor 3 (RIN3, NM_177620.2; Mm00617220_m1), tissue inhibitor of metalloproteinase 3 (TIMP3, NM_011595.1; Mm00441826_m1), and normalized to cytoplasmic B-actin (ACTB, NM_007393.1; Mm00607939_s1). Statistical significance was assessed in R (version 2.1.1) with one-sample t-tests.
Cell adhesion assay. Synectin Ϫ/Ϫ and ϩ/ϩ ECs were grown to confluence, detached with cell dissociation solution, rinsed in serumfree media, and plated at a density of 50,000 cells/well in serum-free media on fibronectin coated 12-well plates. WT and KO cells for each time point were plated in triplicate and allowed to attach at 37°C. After 30 and 60 min, cells were washed twice with PBS and then fixed with 3.7% paraformaldehyde for 10 min at room temperature. Cells were then washed three times with PBS; adherent cells were stained with Coomassie blue for 1 h at room temperature and then rinsed three times with PBS. Adhesion for each cell type and time point was evaluated by counting stained cells in six separate fields under an inverted optical microscope with a ϫ20 objective.
RESULTS
SSH and DS analysis of differential FGF2 gene regulation in synectin
ϩ/ϩ and synectin Ϫ/Ϫ ECs. To identify potential differences in the response of primary ECs from synectin ϩ/ϩ and synectin Ϫ/Ϫ mice to FGF2, we performed SSH as shown in the flow diagram (Fig. 1) . To identify clones expressed at elevated levels in FGF2-treated synectin ϩ/ϩ ECs, their cDNA was subtracted against an excess of FGF2 treated synectin Ϫ/Ϫ poly(A)ϩ RNA. Conversely, sequences expressed at higher levels in synectin Ϫ/Ϫ cells were identified by subtracting their cDNA against an excess of synectin ϩ/ϩ poly(A)ϩ RNA. Additionally mRNA was isolated from the synectin ϩ/ϩ and synectin Ϫ/Ϫ cells following overnight starvation, and similar subtractions to those described above were performed to identify basal differences in gene expression.
SSH generated two distinct sets of differential expression libraries: baseline differences between synectin ϩ/ϩ and Ϫ/Ϫ cells and FGF2-induced gene expression in both types of ECs. Since the SSH technique is an enrichment for differentially expressed sequences and has a background of nondifferential clones when used alone, it leads to a significant number of false positive clones in the absence of a secondary screen. To avoid this problem, we incorporated a differential screen of the SSH libraries before further analysis (Fig. 1) . In this step, colonies were picked at random from both the WT and KO subtracted libraries, and their inserts were isolated by colony PCR using primers flanking the cDNA insert. The PCR products were then slot-blotted in duplicate as described in MATERIALS AND METHODS and were hybridized with cDNA from WT and synectin Ϫ/Ϫ cells to identify sequences expressed at different levels. Using unsubtracted cDNA further reduced identification of false positive clones, which is sometimes a problem when subtracted PCR products are used as probes. Additionally the use of unsubtracted cDNA for the DS step results in a direct readout of the relative abundance of the different cDNAs and their difference between cells. Thus differences in the strength of hybridization of a given cDNA with probes generated from synectin ϩ/ϩ and Ϫ/Ϫ cells directly reflect the differences in expression level between these cells.
Following the DS step, 16% of all the synectin ϩ/ϩ clones and 24% of all the synectin Ϫ/Ϫ clones showed a differential signal in our differential screen. This agrees well with the results from a recent study showing that only one-third of the clones in an SSH library represent true differentially expressed RNAs (7) . Roughly half of the clones arrayed showed a detectable signal, those showing no signal likely reflect lowabundance mRNAs that cannot be detected with an unsubtracted probe. Table 1 ; the online version of this article contains supplemental material). The differentially expressed clones represented a variety of known cellular proteins including nuclear, cytoplasmic, membrane, and secreted proteins in both WT and KO subtracted cDNA populations. In addition, several novel sequences were identified in both the WT-and the synectin Ϫ/Ϫ -specific SSH libraries. Several of the genes were isolated multiple times, including clones representing the extracellular matrix molecules fibronectin 1 and thrombospondin 1, as well as the putative RNA helicase Ddx3x. Also among the clones identified is the known immediate early gene Mig-6. Mig-6 has previously been shown to be regulated by FGF2 (9) , and its identification in this screen points to disruption of the immediate early response to FGF2 in synectin Ϫ/Ϫ cells. Microarray analysis using SSH probes. SSH performed as described above resulted in four populations of enriched cDNA species that were pairwise applied to microarrays containing 22,400 cDNAs (basal and FGF2-stimulated: synectin ϩ/ϩ enriched vs. synectin Ϫ/Ϫ enriched). The first pair of probes was designed to identify differences in basal gene expression between synectin ϩ/ϩ an synectin Ϫ/Ϫ cells. This set contained one cDNA enriched for sequences expressed more highly in synectin Ϫ/Ϫ cells before stimulation, and the second was enriched for those expressed in unstimulated synectin ϩ/ϩ cells. Analysis of microarrays as described in MATERIALS AND METHODS show that in the basal state ϳ1.5% of the 22,400 cDNAs were expressed at higher levels in synectin Ϫ/Ϫ enriched vs. synec- tin ϩ/ϩ enriched cells, and 1.3% were expressed at higher levels in synectin ϩ/ϩ vs. synectin Ϫ/Ϫ cells. Similarly, the second set of probes contained one enriched for sequences more abundant in FGF2-treated synectin KO cells and a second enriched for FGF2 treated WT cells. In the FGF2-treated experiment, 2.5% of the cDNAs were expressed at higher levels in KO vs. WT cells, and 2.5% were expressed at higher levels in synectin ϩ/ϩ vs. synectin Ϫ/Ϫ cells. Gene ontology analysis of microarray results. We used microarray analysis to assess differential expression between synectin ϩ/ϩ and Ϫ/Ϫ cDNA libraries generated from the SSH procedure. Using fourfold difference (P Ͻ 0.05) in expression as a cutoff, we identified 523 differentially expressed probes with known gene names at baseline, while the FGF2 stimulation resulted in a probe set comprising 977 differentially expressed transcripts with known gene names. Both data sets were then used for subsequent gene ontology (GO) analysis.
GO analysis (Table 1) shows that after correction for multiple hypothesis testing, there are statistically significant enrichments of transcripts within the basal dataset displaying protein and nucleotide binding as well as enzyme regulatory activities. These differences in molecular function are also observed as significant enrichments of transcripts involved in the biological processes of development, cell organization and biogenesis, cellular localization and protein and biopolymer metabolism, and cell adhesion. Interestingly, synectin null cells have decreased levels of PIK3R1, MAP2K1, FZD4, DVL2, DAAM1, TIAM1, and TIAM2 with concomitantly increased expression levels of APC, ARPC1A, and CDC42EP4 (Table 2) , a profile consistent with abnormal regulation of Rac1. Moreover, the apparent coordinated dysregulation of specific genes families, including the kinesins, tubulins, RABs, myosins, and suppressor cytokine signaling genes indicate that abnormalities in transcriptional regulation of cellular organization and biogenesis did not arise by chance (Table 2) .
Finally, significant cellular component terms, which include the cytoplasm, intracellular membrane-bound organelle, endoplasmic reticulum, and extracellular matrix, support appropriate compartmentalization of the observed biological processes and molecular functions within the basal transcript list. A partial tabulation of differential basal transcripts that include these GO terms is shown in Table 2 .
GO analysis (Table 3 ) of the FGF2-induced probe set indicates, after correction for multiple hypothesis testing, that there are a much greater number of statistically significant enrichments of transcripts representing a larger number of aberrant GO terms than in the basal dataset, thus indicating the importance of synectin in FGF2-related processes in ECs. The FGF2-induced aberrant enhancements in protein binding, translation regulator, and enzyme activities are also observed in significant abnormalities in biological process terms from cell cycle to RNA metabolism to protein modification and transport. Synectin null cells show increased levels of ARPC1A and ARPC2 with concomitant decreased levels of PLC␥ and JAK2, supporting the basal findings of apparent abnormal regulation of Rac1 as well as abnormal activation of Rac1 in response to FGF2 (8) . Moreover, the coordinated dysregulation of the specific gene families identified at baseline, which comprise the kinesins, tubulins, RABs, myosins, and suppressor cytokine signaling genes, are also abnormally regulated after FGF2 stimulation, thus further suggesting that abnormalities in transcriptional regulation of cellular organization and biogenesis as well as transport did not arise by chance (Table 4) .
Lastly, significant FGF2-induced cellular component terms, which comprise the nucleus, cytoplasm, cytosol, mitochondrion, cytoskeleton, Golgi apparatus, and ribosomes, support appropriate compartmentalization of the observed biological processes and molecular functions within FGF2-induced transcript list. A partial tabulation of differential basal transcripts that include these GO terms is (Fig. 2) . In all cases, Northern blotting confirmed the differential nature of gene expression. In two cases, the levels of gene expression were similar at baseline between synectin ϩ/ϩ and Ϫ/Ϫ cells with FGF2 inducing differential response (DEAD/H and thrombospondin-1), while in two cases there were significant baseline differences that were further amplified by FGF2 (Mig-6 and Hook2). Thus in all cases examined, Northern analysis confirmed the results seen by SSH/DS.
Additionally four clones identified as differentially expressed on the microarrays were checked for differential ex- pression by quantitative PCR (Fig. 3) . Clones selected for qPCR validation came from both probe sets and represent both basal and FGF2 regulated differentially expressed genes. Rin3, a novel Rab5 guanine exchange factor, was identified by microarray analysis to be expressed at higher basal levels in synectin Ϫ/Ϫ cells than synectin
, and this is confirmed by PCR. Similarly, Ier3 (gly96/IEX-1) was identified by microarray to be expressed at higher levels in synectin Ϫ/Ϫ cells than synectin ϩ/ϩ following FGF2 stimulation, and PCR confirms this. Finally, cyclin G1 and TIMP3 were shown by array to be expressed at higher levels in synectin ϩ/ϩ cells following FGF2 stimulation (confirmed by PCR).
Validation of functional differences in cell adhesion. GO analysis of the basal microarray results (Tables 1, 2 ) and array analysis of FGF2-induced gene expression (Supplemental Table 1) identified perturbations in the gene expression of several cell adhesion and extracellular matrix proteins. Differences in the expression levels of three of these genes, fibronectin 1, http://physiolgenomics.physiology.org/ thrombospondin 1, and TIMP3, were confirmed by either Northern blotting (Fig. 2) or qPCR (Fig. 3) . Changes in the levels of these proteins and the others identified would be expected to result in differences in cell adhesion between WT and KO cells. To determine whether the genomic differences identified correlated with a functional change in cell adhesion, we performed adhesion assays using synectin Ϫ/Ϫ and ϩ/ϩ ECs. We find that at both 30 and 60 min after plating, synectin Ϫ/Ϫ cells are significantly more adherent than synectin ϩ/ϩ cells (Fig. 4, A and B) . Thus differences in adherence predicted by our microarray analysis are confirmed by the cell adhesion assay. Presumably alterations in the expression of cell adhesion molecules such as Ncam1 and Icam1 in combination with altered expression of extracellular matrix proteins, such as fibronectin 1, thrombospondin 1, and TIMP3, are responsible for the differences in cell adhesion seen.
DISCUSSION
Using SSH, DS, and microarrays, we demonstrated that there are differences in both basal and FGF2-induced gene expression in ECs lacking synectin compared with controls. GO analysis of both basal and FGF2 differences in gene expression shows that the observed alterations fall into a number of cellular pathway categories that are phenotypically altered in synectin Ϫ/Ϫ ECs such as cell proliferation, migration, and angiogenesis (8) . These results also demonstrate that synectin is an integral part of the FGF2 signaling cascade and begin to unravel the role played by this protein in FGF2-dependent signaling.
We chose the SSH/DS approach in combination with microarrays to explore this facet of FGF2 signaling because it is a rapid and proven technique for identifying differences in Fig. 2 . Northern analysis of differentially expressed genes in lung endothelial cells. Cells were starved overnight in 0.5% serum and stimulated with 50 ng/ml FGF2 for the times indicated. Total RNA (10 g) was electrophoresed, transferred to nitrocellulose, and probed with 32 P-labeled cDNA fragment from the gene indicated. Following hybridization the blots were scanned using the Typhoon 9410 Variable Mode Imager (Molecular Dynamics), and RNA levels were quantitated using ImageQuant software and normalized to the amount of 18S rRNA in each lane. Fig. 3 . Quantitative real-time PCR analysis of differentially expressed genes in lung endothelial cells. Cells were starved overnight in 0.5% serum and stimulated with 50 ng/ml FGF2 for the times indicated. "Pooled" refers to sample of RNA harvested 30, 60, 120 min after FGF2 stimulation. Gene expression shown normalized to cytoplasmic Bactin. *P Ͻ 0.05. gene expression. Subtractive hybridization is a powerful technique for comparing two populations of mRNA and identifying clones expressed in one population but not the other. There are a variety of techniques available for the study of global changes in gene expression in a biological system. These include differential display (2), representational difference analysis (26) , linker capture subtraction (29) , and serial analysis of gene expression (18) among others. All have proven successful in identifying differentially expressed sequences but possess drawbacks. A common limitation to all of these approaches is a relative inability to isolate rare transcripts because the disproportionate concentrations of high-versus lowabundance differentially expressed genes are maintained in the subtraction and/or analysis. This minor fraction is of particular interest because it contains transcripts for many regulatory proteins. In contrast, SSH combines normalization and subtraction in a single procedure.
The normalization step equalizes the abundance of cDNAs, and the subtraction step excludes common sequences between the two populations being analyzed. Thus the subtracted library generated is normalized in terms of abundance of different cDNAs. Rare sequences have been reported to be enriched Ͼ1,000-fold in a single round of subtractive hybridization. This increases the probability of isolating low-abundance differentially expressed cDNAs and simplifies analysis of the subtracted library. Employing a differential screen of the SSH libraries generated makes it possible to limit the analysis of clones in the library to only those that are truly differentially expressed. This eliminates the presence of false positive in the population of clones analyzed. Thus SSH coupled with DS allows for the efficient identification of rare differentially expressed mRNAs as well as more abundant mRNAs.
DNA microarrays represent a complementary approach to SSH. One important limitation of the array-based analysis of gene expression is its relative insensitivity to low-abundance transcripts with up to 25-30% of the sequences identified by SSH not identified by microarrays (7) . Thus, SSH may be preferable to microarrays for identifying novel, differentially regulated sequences. Furthermore, SSH requires as little as 25 ng of (polyA)ϩ RNA or 50 ng of total RNA, which is less than the minimum of 10 -20 g of total RNA required for a typical microarray experiment. Together these considerations make SSH a nice complementary approach to arrays.
Combining SSH with whole genome microarray analysis produces a comprehensive approach that allows us to identify differences in gene expression amongst even the lowest-abundance RNAs due to the enhanced sensitivity of the probe generated. Also by comparing basal and FGF2 differences in gene expression, we can identify those differences in gene expression that are a consequence of the loss of synectin expression and those differences that reflect synectin dependent alterations in the responsiveness of cells to FGF2.
Treatment of cells or tissue with FGF2 triggers a program of gene expression that ultimately leads to the changes in cellular phenotype associated with growth factor stimulation. Disruption of this program would then be expected to result in alterations in cellular responses to the growth factor stimulation. We hypothesized that synectin, a single PDZ domain containing protein that has been identified as a cytoplasmic binding partner for an FGF2 receptor syndecan-4, plays an important role in FGF2 signal transduction. Hence, the present study was designed to assess the effect of homozygous disruption of the synectin gene on FGF2-induced gene expression. We have focused on identifying changes in the expression of immediate early genes in response to FGF2 because regulation of this class of genes occurs within 2 h of growth factor stimulation and these changes represent the initial genomic response to extracellular stimuli. Several differences in phenotype seen between synectin ϩ/ϩ and synectin Ϫ/Ϫ mice include a profound aberration in arterial morphogenesis and abnormal responses of primary ECs to FGF2 among others. Additionally, ECs isolated from these animals demonstrate a decrease in both proliferation and migration responses to FGF2 stimulation as well as an abnormal pattern of Rac1 activation (8) .
We find, using GO analysis of both basal and FGF2-induced gene expression, that synectin silencing produces significant abnormal transcriptional regulation of biological processes relating to development, transcription, cell organization and biogenesis, protein transport, cell adhesion, cell cycle, and cytoskeletal regulation among others. Analysis of differential expression of specific transcripts, comprising the enrichment of these aberrant biological processes, reveals significant abnormal expression of genes involved with Rac1 regulation, thus providing additional evidence of the importance synectin in Rac1-dependent angiogenic processes. Of particular interest to the synectin null phenotype is the abnormal expression of eight RAB family members including a 6.5-fold reduction in RAB7 expression, which could account, in part, for the aberrant localization of activated Rac1 in primary arterial endothelial synectin Ϫ/Ϫ cells. Another observation of interest is a 46-fold decrease in IQGAP1 gene expression in synectin null ECs (22) . This may also account for the apparent suppression of the majority of transcripts involved in cycle cell regulation and provide a plausible explanation for the decreased proliferative ability of synectin null ECs, a process partly regulated by Rac1 and requiring cytoskeletal changes mediated by IQGAP. Moreover, the increased expression of myosin 6 and kinesin family member 1B, proteins shown to directly interact with synectin, provides further evidence of abnormal actin filament and microtubule-based vesicular transport (5) .
In the case of cell proliferation, the array results and GO analysis (Tables 3 and 4 ) identify FGF2-dependent genomic changes that functionally correlate with a reduction in proliferation observed when synectin KO ECs are stimulated with FGF2 (8) . Interestingly, the important cell cycle regulators cyclin D2 and G1 are both expressed at higher levels in synectin WT cells following FGF2 stimulation, whereas the growth inhibitory cyclin-dependent kinase inhibitor 2D is expressed at higher levels in KO cells. In the case of cyclin G1, this increase in expression has been confirmed by qPCR. Furthermore, the membrane molecule growth arrest-specific 1 (Gas1) is expressed at elevated levels in synectin Ϫ/Ϫ relative to synectin ϩ/ϩ cells. Gas1 blocks entry into the S phase and prevents cycling of normal and transformed cells and is required for normal regulation of FGF10 and FGF8 signaling in the mesenchyme (17) . It seems reasonable that an increase in the two growth-associated cyclins in synectin ϩ/ϩ cells coupled with an increase in the growth inhibitory CDK inhibitor 2D and the growth arrest molecule Gas1 in KO cells in response to FGF2 might underlie the difference in proliferation rates in response to FGF2 reported for synectin ϩ/ϩ and Ϫ/Ϫ ECs (8). The SSH analysis also identified a number of cytoplasmic, membrane, and secreted proteins that play a role in cell migration and adhesion. Array and GO analysis predicted a difference in adhesion between synectin WT and KO ECs that was experimentally validated. One of the membrane proteins altered is E-cadherin, which is more abundant in synectin Ϫ/Ϫ cells, a finding consistent with increased adhesion of these compared with WT cells. Interestingly, the E-cadherin/catenin system is a target of the FGF/FGFR system, and its loss of function is thought to contribute to progression in cancer by increasing proliferation and migration (28) . Icam1 gene is also expressed at higher levels in synectin Ϫ/Ϫ cells, and the increased levels of this cell adhesion molecule could also result in increased cell adhesion. Secreted proteins expressed at higher levels in synectin ϩ/ϩ cells include fibronectin, thrombospondin 1, and TIMP3. These proteins act in concert to regulate the extracellular matrix. Furthermore, the basement membrane protein entactin (Nid1), which interacts with integrin receptors to mediate cell adhesion, spreading and motility, is more abundant in synectin Ϫ/Ϫ than synectin ϩ/ϩ cells. Differences in expression of any one of these matrix/basement membrane proteins can result in changes in cell adhesion and migration. Changes in the levels of all of these proteins likely contribute to some of the observed differences in cell adhesion, spreading and migration (8) between WT and synectin Ϫ/Ϫ ECs. Also among the changes in gene expression we have detected in the present study are differences in the expression of genes encoding nuclear proteins that alter transcription by either directly binding DNA/RNA or modulating the activity of the transcriptional apparatus. The predicted transcriptional regulator Arid2 is more abundant in synectin ϩ/ϩ than synectin Ϫ/Ϫ cells. A member of the DEAD/H box family of proteins is also more abundant in synectin ϩ/ϩ cells. Members of this family of proteins include RNA helicases, which may play a role in maintaining correct expression levels of early growth response (EGR) target genes through their interaction with EGR transcription factors (3). Another transcriptional regulator that is expressed at higher levels in synectin ϩ/ϩ than in synectin Ϫ/Ϫ cells is the protein kinase Hipk3, which transduces growth regulatory signals and is involved in regulation of Fas activity (20) . Finally, emerging evidence indicates that synectin is involved in endocytic trafficking through an interaction with myosin 6 (14) . Interestingly, basal expression of myosin 6, which directly binds synectin, is upregulated in synectin KO cells. This may represent an attempt at compensation for reduced synectin expression. Additionally, it is interesting to note that one of the mRNAs elevated in synectin Ϫ/Ϫ cells is the mammalian homolog of Drosophila Hook2. Hook proteins are cytosolic coiled-coil proteins that contain conserved NH 2 -terminal domains, which attach to microtubules and more divergent COOH-terminal domains, which mediate binding to organelles (16) . The Drosophila Hook protein is a component of the endocytic compartment and a negative regulator of endocytic trafficking. It is possible that elevated levels of Hook in synectin Ϫ/Ϫ cells represent a compensatory effect resulting from the absence of synectin in the endocytic pathway. In fact, as shown by Northern blotting, levels of Hook mRNA are over fivefold higher in synectin Ϫ/Ϫ than synectin ϩ/ϩ cells even in the absence of any FGF2 treatment. FGF2 stimulation results in no induction of Hook in synectin ϩ/ϩ cells, whereas in synectin Ϫ/Ϫ cells levels increase 20-fold over baseline. This would be consistent with an upregulation of Hook in synectin Ϫ/Ϫ cells as a compensatory response to the absence of synectin.
In summary, results from this study show that homozygous deletion of the synectin gene in primary ECs leads to substantial changes in gene expression in response to FGF2 stimulation. We conclude, therefore, that synectin plays an important role in FGF2 signal transduction affecting multiple cellular functions. These studies provide a framework for future experiments aimed at determining which of the genomic changes have a causal role in the functional alterations reported in synectin knockout (8) .
